Introduction
Mixed valence compounds are defined as containing a redoxactive fragment that is present in more than one (formal) oxidation state.
[1] Depending on the extent of electronic communication between the two sites, mixed valence compounds have been divided into three classes according to the Robin-Day classification. [2] Class I compounds contain distinct sites with localized specific valences that have no (measurable) interaction. Intermediate Class II species exhibit a measurable low barrier for electron transfer and some degree of electronic communication between the two localized specific valence sites. In Class III compounds, strong electronic interaction due to full delocalization over the entire system prevents the spectroscopic observation of distinguishable redoxstates. Prussian blue, the first modern synthetic pigment, [3] and the Ru-based Creutz-Taube complex are textbook examples of mixed valence compound. [4] The targeted design of mixed valence complexes was initiated in the 1970s, [5] but because of the difficulties in directly measuring intramolecular electron transfer processes, the synthesis and characterization of welldefined mixed valence species continues to draw much attention, as these enable the measurement of rate constants and activation barriers for intramolecular electron transfer by analysis of the IVCT band. [6] For symmetric mixed valence compounds these absorption bands are typically found in the low-energy visible or near-infrared (NIR) region.
To further aid the understanding of basic electron-transfer in complex biophysical processes and electronic devices (e.g. OLEDs) and to validate spectroscopic methods, there is also great interest in the design and synthesis of purely organic mixed valence compounds as model systems. [7] Fundamental research towards NIR absorbing materials is driven by several practical applications in communication, bio-imaging, sensing, and advanced optoelectronics. [8] The deep penetration in human tissue of NIR radiation has resulted in a great interest towards electrochromic NIR dyes for cancer targeting and imaging. [9] Metal complexes containing (imino)semiquinonato ligands often show strong NIR intraligand charge transfer (CT) bands. [10] In combination with the ability to readily undergo ligand oxidation state changes upon reduction or oxidation, such complexes are potentially useful for switchable NIR filters. Besides the emerging research direction to use redox-active ligand systems as electron reservoirs for bond activation and catalysis [11][12] these organic fragments are also frequently employed in the synthesis of mixed valent systems. [13] Two main strategies involving the use of redox-active ligands have been pursued to date (Figure 1 ): i) mononuclear systems bearing separate redox-active ligands or tethered redox-active pockets within the same ligand amenable to controlled and independent redox-switching [14] and ii) dinuclear complexes with redox-active metal centers and a redox-active organic bridging unit. When this dinucleating fragment itself exhibits redox-activity, the delocalized π-system supports electronic communication between the two metal-centered redox-sites. [15] In the context of developing mixed valent compounds based on organic redoxactive sites, examples exist of metal complexes, bearing two or three identical redox-active ligand fragments, that are connected via bridging linkers attached to these ligands. [16] In this design, which appears limited to homoleptic coordination spheres around the metal centers, there is communication within one center and between the two binding pockets. A hitherto underexplored and potentially more versatile strategy to invoke mixed valency would target dinucleating ligands containing a suitable linker and two redox-active binding pockets, amenable to hosting two (redox-inert) metal centers. This would provide coordination-induced stabilization of the redox events occurring within the organic ligand fragments, allow tunable electronic communication (by adjusting the linker) and enable chemistry between the two metal centers, i.e. at the bridgehead position of these heteroleptic coordination compounds. We previously reported on the synthesis and properties of dinuclear 'Pd(II) complexes bearing either one redox-active phosphine appended PNO [17] or pyridine appended NNO [18] ligand per Pd, with various bridging co-ligands. [19] The intramolecular spin-exchange coupling (J) [20] and d 8 -d 8 interaction between both Pd(II) centers were strongly influenced by the (pseudo)halide bridge ( Figure 2 ). However, these complexes were unstable to exogenous ligands or strongly coordinating solvents, which prevented detailed investigation into intramolecular electron transfer phenomena. Hence, we sought to construct an organic framework containing two individually addressable redox-active compartments. We therefore set out to prepare a ligand scaffold containing two oaminophenol-derived binding pockets and a nitrogen-containing linker to provide an inert alternative to the labile dinuclear [{Pd(NNO ISQ )}2(µ-X)] + complexes, whilst still enforcing a tridentate NNO binding mode for each metal center. This would in turn allow for the study of ligand-based mixed valence dinuclear complexes, intervalence charge transfer and the characteristics of organic diradical species. 
Results and Discussion
Complex Synthesis and Characterization. We envisioned that the triazole-containing ligand L H4 featuring two NNO binding pockets (Scheme 2) could harbour two Pd(II) ions in close enough proximity for cooperative (magnetic) behavior, likely aided by coordination of a bridging co-ligand between both pockets. A convergent synthetic route involving connection of an aminophenol-derived azide and an alkyne via the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) failed to deliver the desired compound, likely due to aminophenol coordination to copper. [21] Therefore, an alternative synthesis of L H4 was undertaken, starting with the CuAAC of 2-azidoaniline (1) with 2-ethynyl aniline (2) to afford diamine 3 in good yield (Scheme 1). Subsequent condensation with two equivalents of 1,3-di(tert-butyl)catechol afforded L H4 as an airstable off-white solid in good yield. to our previously reported dinuclear azido-bridged palladium complex.
[11] Magnetic susceptibility measurements using the Evans' method gave an effective magnetic moment (µeff) of 1.61 µB (4) and 1.59 µB (5), indicating an S = ½ ground state. X-band EPR spectroscopy at room temperature revealed strong isotropic signals at g = 2.0012, supporting the presence of a ligand-centered radical in both compounds ( Figure S1 ). No wellresolved hyperfine couplings were observed at room temperature or at 20 K ( Figure S4 ). Black single crystals of 4 and 5 suitable for X-ray structures determination were grown by vapor diffusion of hexane into an EtOH solution and by slow evaporation of a CH2Cl2/THF mixture, respectively. The structures depicted in Figure 3 each show one of the respective crystallographically independent molecules in the unit cell. Although all independent molecules in the unit cells are chemically identical, differences in structural conformations occur in the solid state (concave vs. twisted over the iminosemiquinonate-triazole-amidophenolate plane). All show slightly distorted square planar geometries for the Pd atoms with a κ 2 -N,N' bridging triazole and a µ-chlorido or µ-azido ligand. To the best of our knowledge, this is only the second example of a structurally characterized complex with a triazole acting as bridging ligand to a non-coinage metal.
[23]
Brown's metrical oxidation state (MOS) method, which allows for quantification of the oxidation state of o-aminophenol-derived ligands by analysis of the C-C C-O and C-N bond lengths, [24] has proven to be a reliable method to gain information about the ligand oxidation state in these Pd(NNO) complexes. [17] [18] [19] We typically find slight deviations for the NO AP oxidation state (MOS = -1.7 --1.9) but these values are clearly discernable from those corresponding to the NO ISQ oxidation state (MOS = -0.9 --1.1). The DFT optimized geometries (b3-lyp, def2-TZVP) of 4 and 5 are in good agreement with the experimentally observed structures, except for the disorder in the triazole orientation ( Figure 3) . A clear localization of the ligand-centered radicals on Ring B is observed in the spin-density plots of 4 and 5 (Figure 4 top, for 5 see Figure S16 ), which is in good agreement with the crystal structures. The minor delocalization toward the oxygen and nitrogen of ring A, which is most likely enabled by the large conjugated system ligand system, could indicate facile electronic coupling between the two mixed valent redox-active pockets. The difference in the MOS values for the DFT optimized structure clearly supports ligand-based mixed valence. Analysis of the molecular orbitals (Figure 4 , bottom) reveals a singly occupied orbital (SOMO) on ring B (α HOMO-2, empty corresponding orbital: β LUMO), whereas an analogous orbital on ring A is doubly occupied, further underlining the ligandbased mixed valent assignment. As both rings A and B are highly similar, we propose that the localization of ligand oxidation states is due to a subtle electronic difference. The slightly less electron-withdrawing nature of the ortho-C4-triazole on the phenyl ring attached to redox-active ring B makes it more electron-rich than ring A. Hence, the relative reduction potential of ring B is higher than that of its counterpart, resulting in a more stabilized NO ISQ ligand radical. complex. [19] Scheme 3. The five-membered redox series based on complex 4 observed by cyclic voltammetry (A-C). The tBu groups are omitted for clarity.
Spectroelectrochemistry and TD-DFT.
To gain insight into the reversible redox events observed by cyclic voltammetry and to identify the envisaged IVCT transitions for the mixed valence species, complexes 4 and 5 were studied by UV-Vis-NIR and FT-IR spectroelectrochemistry (SEC) using an optically transparent thin-layer electrochemical (OTTLE) cell. As the spectroscopic data obtained for 4 and 5 is very similar, only results obtained with complex 5 will be discussed here, as the azide co-ligand offers an additional spectroscopic handle (data related to 4 can be found in the SI). One-electron reduction of 5 to 5 -proved to be fully reversible on the SEC timescale, as complete regeneration of the parent species was observed in the UV-Vis-NIR spectra upon re-oxidation ( Figure 6 ). An increase of the band at 28000 cm -1 is observed and the broad absorption at ~9000 cm -1 , which is attributed to an intraligand CT involving the NO ISQ moiety (vide infra), disappeared upon reduction. A minor decrease in absorption at lower energies (~5500 cm -1 ) was also observed. In FT-NIR spectroelectrochemistry, reduction coincides with disappearance of an IVCT absorption band in the range 3000-7000 cm -1 . [25] In line with this assignment, this band also disappears on oxidation of 5 to the corresponding cation (see below). Another interesting observation is the subtle shift of the azide stretching frequency from 2087 cm -1 to 2083 cm -1 upon reduction (Figure 7 , right),
indicating that the negatively charged bridging ligand is not significantly involved in the cathodic step. The first reversible one-electron oxidation of 5 to 5 + (and 4 to 4 + ) was also probed by spectroelectrochemistry, to assess the origin of the respective band at ca. 9000 cm -1 (proposed to arise from
intraligand CT) and the small absorption band at ca. 3000-7000 cm -1 (due to intramolecular IVCT) (Figure 8 ). Upon oxidation, the band at ca. 9000 cm -1 increased in intensity, which is in accordance with intraligand CT within the NO ISQ chromophore, as an additional NO ISQ is created upon the oxidation to 4 + and 5 + .
The weak absorption band at ca. 3000-7000 cm -1 is indeed absent after the oxidation, complying with its assignment to an intramolecular IVCT process. This is also supported by IR spectroelectrochemistry, which revealed identical spectral changes in the IVCT region as for the one-electron reduction (Figure 9 ). [26] In agreement with the blue shift of the azide stretching frequency observed for the one-electron reduction of 5, a shift to smaller wavenumber (from 2087 to 2093 cm -1 ) is observed upon the oxidation to 5 + (Figure 9 , right). The poorly separated second and third one-electron oxidation waves in the respective cyclic voltammograms prevented accurate characterization of the oxidized species 5 2+ and 5 3+ (as well as 4 2+ and 4 3+ ) using spectroelectrochemistry. Moreover, some decomposition of the dications occurred at lower scan rates. Nonetheless, a new intramolecular IVCT band (of fairly low intensity) appeared upon the anodic generation of 4 2+ and 5 2+ , which faded again with the ultimate formation of 4 3+ and 5
3+
( Figure S6 and S7). These spectral changes can be attributed to the mixed valent character of 4 2+ and 5 2+ , which contain both a NO ISQ and an NO IBQ fragment (see SI for details). In agreement with the absence of an NO ISQ moiety upon oxidation to 4 3+ and 5 3+ , the intraligand CT band at ca. 9000 cm -1 is replaced by a strong absorption at 15000 cm -1 ( Figure S6 ).
TD-DFT calculations (ORCA, b3-lyp, def2-TZVP) were performed to confirm the origin of the intraligand charge-transfer band at ca. 9000 cm -1 and the broad intramolecular IVCT band in the deep NIR region. The calculated electronic transitions ( Figure 10 ) nicely reproduced the experimental UV-Vis-NIR absorption spectra. Analysis of the molecular orbitals involved in the calculated transitions confirmed the presence of a lowenergy intramolecular IVCT band inherent to an excitation from the β HOMO-1 (Figure 4) , which is localized on ring A, to the β LUMO, which is located on ring B. The gas-phase calculated IVCT band maximum at ca. 7000 cm -1 is at higher energy than the experimentally observed value, which is not uncommon for TD-DFT calculations. An intraligand charge transfer band at approximately 11000 cm -1 is attributed to an excitation from the β HOMO-2 to the β LUMO, both localized on ring B. This CT absorption shows vibronic progression, which is not reflected in the computed spectrum. The small blue shift of the azide stretching frequency upon oxidation of 5 to 5 + was also reproduced by DFT calculations. As different ligand oxidation states, namely NO ISQ and NO AP , are observed in the solid state structures of 4 and 5 and measurable intramolecular IVCT bands are detected, both compounds can be classified as Robin Day Class II mixed valence compounds. However, due to the low energy required for interconversion of the two states, these systems can be considered as borderline to Class III systems. Chemical one-electron oxidation of the ligand-based mixed valent complexes 4 and 5 using a stoichiometric amount of acetylferrocenium tetrafluoroborate ([ Ac Fc]BF4) generated diradicals 6 and 7 (Scheme 4), which were isolated as dark paramagnetic solids. Only two broad signals around δ 17 and 2 were observed for both compounds by 1 H NMR spectroscopy, which is in contrast with our previously reported dinuclear diradical complexes that displayed broad signals for all protons.
[11] CSI-MS studies showed the intact cationic fragments In agreement with the spectroelectrochemical experiments, the strong azide IR-stretch shifted to a larger wavenumber at 2086 cm -1 (Δν = 4 cm -1 ) and no intramolecular IVCT band was observed. X-band EPR spectroscopy at room temperature revealed strong isotropic signals with no resolved hyperfine couplings at g = 2.0012 and g = 2.0011 for 6 and 7, respectively, supporting the preservation of ligand-centered radical character in both complexes ( Figure S2 ). Strikingly, the EPR signal intensity decreased significantly (to approx. half of the original intensity, Figure S3 ) upon the oxidation of the monoradicals (4 and 5) to the diradicals (6 and 7), which could indicate partial anti-ferromagnetic coupling of the two radicals in 6 and 7.
Crystals suitable for X-ray structure determination of both 6 and 7 were obtained by vapor diffusion of pentane into their solution in toluene. The cationic fragments in the crystal structures of 6 and 7 (Figure 11 ) are almost isostructural to those of 4 and 5, showing slightly distorted square planar geometries around the Pd atoms with κ 2 -N,Nʹ bridging triazoles disordered over two orientations. Two crystallographically independent molecules are found in the asymmetric unit of 6 (Z' = 2) with metric parameters and MOS values for the redox-active ring fragments in agreement with two pairs of NO ISQ ligand radicals ( Figure 11 ).
The MOS values for both rings in 7 are also in agreement with two NO ISQ ligand radicals. Notably, the azido ligand is positioned out of the ligand metal plane to a greater extent than observed for 5. Closer analysis of the crystal packing revealed a close contact between the bridging azido moiety and another molecule of 7. Figure 12 . Spin density plots of the DFT optimized (b3-lyp, def2-TZVP) spin states of mono-oxidized complex 6: OSS (left) and triplet (right) (For 7 see Figure S15 ).CSS spin states not displayed.
The experimental metric parameters of 6 and 7 are wellreproduced by the DFT optimized geometries in the closed-shell singlet (CSS), open-shell singlet (OSS) and triplet spin states. Similar to the non-tethered dinuclear diradical complexes with a single bridging (pseudo)halide ligand reported previously, [19] the OSS and triplet spin states lie very close in energy, with the former being slightly lower in energy (for 6: EOSS -ET = -0.15 kcal mol -1 ; for 7: EOSS -ET = -0.19 kcal mol -1 ). The CSS solutions are 12.3 and 11.9 kcal mol -1 higher in energy than the OSS solutions for 6 and 7, respectively. The spin density plots of the OSS and triplet solutions for both systems reflect the diradical character of these systems ( Figure 12 ). The triazole linker facilitates delocalization of both spins over the entire conjugated ligand framework in the OSS spin density plots, which was not observed for the non-tethered chlorido-bridged diradical analogue. This difference could have consequences for the magnetic interaction between the two redox-active pockets in these diradical compounds.
Magnetic behavior of complexes 6 and 7 in the solid state.
The intramolecular spin-exchange coupling (J) of the dinuclear diradicals in the non-tethered systems was significantly affected by the nature of the bridging (pseudo-)halide ligand. [19] Using the rigid and conjugated dinucleating redox-active ligand L in 6 and 7 might overrule this bridging co-ligand effect. Magnetic measurements were performed on polycrystalline samples of both species using a SQUID magnetometer. The χMT value at room temperature for both 6 and 7 is around 0.6 cm 3 mol -1 K, corresponding to an effective magnetic moment of approx. 2.2 µB. Upon lowering the temperature, χMT approaches to zero, revealing a singlet ground state ( Figure 13 ). The χM vs. T plots ( Figure 13 , insets) exhibit broad maxima at 65 and 55 K for 6 and 7, respectively, indicating an anti-ferromagnetic (AF) interaction. Modeling of the experimental data, using a fitting procedure to the Heisenberg-Dirac-van-Vleck (HDvV) spin Hamiltonian for isotropic exchange coupling and Zeeman splitting (Eq. (1)), leads to exchange coupling constants J of -39 and -29 cm -1 for 6 and 7, respectively. Eq. (1) The experimental singlet-triplet energy gaps ∆ES-T (equal to 2J) are -77 cm -1 or -0.22 kcal mol -1 for 6 and -59 cm -1 or -0.17 kcal mol -1 for 7, confirming singlet ground states for both complexes with a weak spin-exchange interaction. These observations are supported by the DFT calculations, predicting a similarly weak AF exchange coupling constant for both complexes (b3-lyp, def2-TZVP: J = -35.6 cm -1 for 6 and -43.1 cm -1 for 7). Figure 13 . Temperature dependence of χMT and χM (insets) for complex 6 (top) and 7 (bottom). Squares: experimental data. Lines: fitted data.
Conclusions
We report the facile two- ligand-based mixed valence with little influence upon changing the bridging (pseudo)halide ligand. Intra-ligand charge transfer bands as well as intervalence charge transfer (IVCT) bands are observed in the NIR and mid-IR region. Selective one-electron oxidation allowed for isolation of the corresponding cationic diradicals, which engage in anti-ferromagnetic coupling, as deduced from SQUID and EPR measurements. In stark contrast with our previously reported non-tethered diradical systems, no significant influence of the bridging co-ligand on the structural features and magnetic behavior of the diradicals was observed. The rigid conjugated ligand framework is proposed to allow for this electronic communication. Further research towards using the dinucleating framework as a reservoir to support multielectron small molecule activation are in progress. 
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